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DNA REPLICATION
A familiar ring to DNA polymerase processivity
Structural similarity reveals that prokaryotic and eukaryotic DNA
polymerases share a mechanism for processivity- but the conservation of
additional chromosomal replication mechanisms remains to be determined.
Large amounts of double-stranded DNA are efficiently
duplicated in all dividing cells. Many features of the
DNA replication process are universal, although there is
no clear reason a priori as to why this should be, other
than to assume that common mechanisms are ancient and
that other solutions to the same biochemical problem
have not survived evolutionary pressure. Such almost uni-
versal features include the semi-conservative nature of
chromosomal replication, the unidirectionality of poly-
merases and the inability of replicative DNA polymerases
to synthesize nucleotide chains de novo.
Given these common themes, it follows from the struc-
ture of DNA that certain protein activities are required to
accomplish replication: helicases to unwind the duplex;
one or more proteins that bind single stranded DNA, to
assist unwinding; and priming polymerases that can in-
deed synthesize nucleotide chains de novo [1]. There is a
strong desire among molecular biologists to uncover such
widely applicable mechanisms. Nevertheless, it is still
striking when nearly identical solutions to complex mol-
ecular problems are uncovered in distantly related organ-
isms. This now appears to be the case for the mechanism
by which replicative polymerases achieve processivity in
DNA replication, as revealed by the structures of the
Escherichia coli and yeast polymerase processivity subunits
(see Fig. 1). The extent to which this breathtaking
homology extends to other elements of the replication
elongation complexes is not yet known.
Genome replication requires highly processive poly-
merases that polymerize thousands of nucleotides follow-
ing a single binding event. A sliding clamp to keep the
polymerizing subunits attached to DNA had been
proposed to provide a means of achieving processivity.
The main biochemical result supporting this model is
that, once loaded, the factors required for processive repli-
cation dissociate from linear, but not circular, DNA mol-
ecules. Confirmation has come from the crystal structures
of the subunit of the E. coli chromosomal replicase,
DNA polymerase III [2], and that of the Saccharomyces cere-
visiae proliferating cell nuclear antigen (PCNA), which
interacts with DNA polymerase [3]. These proteins,
along with their counterpart in the bacteriophage T4 -
the gene 45 product (gp45) - are responsible for the
processivity of their respective polymerases.
Although the polymerase III [3 subunit and PCNA share
only an insignificant 10 % amino-acid sequence identity,
they form nearly identical six-fold symmetrical ring
structures. In both cases, the outer shell of the ring is
composed of a series of anti-parallel [3 strands and the
central cavity is lined with twelve a helices (Fig. 1). The
central cavity could easily accommodate double-stranded
DNA. Although no crystal structure is available for T4
gp45, cryo-electron microscopy indicates that it forms
structures that also encircle DNA and that have the same
dimensions as the [3 subunit and PCNA rings [4].
PCNA and gp45 are only about two-thirds the size of
the subunit, but the ring is a dimer, with each sub-
unit contributing three similar domains, whereas the
PCNA ring is a trimer, with each subunit contributing
two similar domains.
The six similar domains of each ring include a core of
55 oa-carbon atoms. Superimposing the least alike core
domains, one from PCNA and one from the subunit,
results in a root-mean-squared deviation of only 1.7 A
Fig. 1. Ribbon representations of the
polypeptide backbones of PCNA and
the p subunit of E.coli DNA polymerase
Ill. In the PCNA trimer (a) and the
p-subunit dimer (b) the individual
subunits within each ring are distin-
guished by different colors. Strands of
p sheet are shown as flat ribbons, and
a helices as spirals. A model of
B form DNA is placed in the center of
each structure to show that the rings can
encircle duplex DNA.
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for the backbone trace through these 55 a-carbon
atoms. On the basis of the yeast structure, an alignment
can be made with the other known eukaryotic PCNAs.
The 35 % amino-acid identity with mammalian PCNA
and 39 % identity with plant PCNA are sufficient to al-
low us to assume that these processivity factors share the
overall secondary structure of yeast PCNA. It thus ap-
pears that all organisms, from E. coli to mammals, achieve
processive DNA polymerization by formation of a topo-
logical link between DNA and a protein ring to which
core polymerase subunits attach by protein-protein
interactions.
The lack of amino-acid sequence similarity between the
eukaryotic and prokaryotic versions of these processivity
proteins might suggest that their very similar structures
evolved independently as the result of convergent forces.
Similarity among the proteins that interact with the slid-
ing clamps, however, favors a divergent evolutionary rela-
tionship. Both the eukaryotic and the prokaryotic clamps
require chaperone proteins in order to load the rings
onto DNA and to facilitate the 'hook-up' with DNA
polymerases. The clamp-loading subunits are in many
ways similar between eukaryotes - replication factor C
(RFC) - and prokaryotes - the y complex of E. coli
and the gp44/62 complex of T4. They each consist of
five polypeptides, and a subset of these appear as repeti-
tive elements: the gp44/62 complex consists of four
molecules of gp44 and one of gp62; four of the five
RFC components share significant amino-acid identity;
and two of the five y complex components are also simi-
lar to each other. Significant amino-acid identity be-
tween all these 'repetitive' clamp-loading polypeptides
indicates that they evolved from a common ancestor [5].
Thus, it becomes difficult to argue that their interacting
counterparts, PCNA, 3 subunit and gp45, are not also
related and therefore the products of divergent evolution.
Both PCNA and gp45 function in additional pivotal
processes - the gp45 ring has transcriptional enhancer
activity at T4 late promoters through interactions with a
special RNA polymerase complex [6], and PCNA seems
to play a signalling role in the link between DNA repair
and the cell cycle through intricate interactions with
cyclin-dependent kinases and the kinase inhibitor p21
[7,8]. Perhaps the requirement for these additional pro-
tein-protein interactions has driven the divergence in
amino-acid sequences.
The processive polymerases interact with the rest of the
chromosomal replication apparatus. How similar are
these dynamic interactions at eukaryotic and prokaryotic
replication forks? Initiation of both eukaryotic and pro-
karyotic chromosomal replication requires a short RNA
synthesized by a specialized RNA polymerase known as a
primase. Prokaryotic primases synthesize RNA primers
that are recognized by the chaperone, y complex, which
loads the clamps. Processive elongation ensues. For un-
known reasons, the eukaryotic primase that has been stu-
died so far works in a complex with DNA polymerase a.
This complex first synthesizes a short RNA and then
adds DNA. The eukaryotic chaperone, RFC, which
loads PCNA, recognizes these RNA and DNA primers
as a starting point for processive DNA replication. This
has been described as different from prokaryotes, as it re-
quires a polymerase switch, from ao to 8, at the beginning
of each synthesis event [9,10]. This transition is not pro-
foundly different from the switch from any primase to a
polymerase, except that the eukaryotic primase is more
complex. What remains a puzzle, and is distinct, is that
the eukaryotic processive polymerase 8 seems to require a
more complicated primer, specifically one that ends in
DNA and not RNA.
During chromosomal replication, the two DNA strands
are synthesized differently - the leading strand is copied
continuously with a processive polymerase moving in
the direction of the fork and, in contrast, the lagging
strand is copied discontinuously in short Okazaki frag-
ments. The lagging strand is elongated along its template
in the opposite direction to overall fork movement (Fig.
2). Despite this opposite polarity, all evidence suggests
that leading and lagging strand syntheses are coordinated
both at eukaryotic and prokaryotic replication forks.
Because the rate of replication is fast, while the rate of
polymerase association with primers is relatively slow
and there is a limited amount of the required poly-
merases, it has been proposed that leading- and lagging-
strand polymerases are coupled at the fork. This keeps
the lagging strand polymerase in high local concentra-
tion at the fork for rapid reuse as it cycles from the end
of one Okazaki fragment to the beginning of the next.
How is this coordination achieved?
Identifying the leading and lagging strand polymerases of
eukaryotes is the first step in understanding how they
coordinate synthesis at a fork. The processive polymerase
8-PCNA complex is required for leading-strand synthe-
sis. The most recent results applying highly purified cel-
lular components and DNA replication mediated by the
SV40 T antigen show that polymerase (with its clamp
and loading devices) is also capable of contributing to
completion of the lagging strand. Synthesis of covalently
closed circular 'lagging' strands required, in addition to
polymerase a, RNase H, a nuclease activity and a ligase
[10]. The surprising result was that the discontinuous
fragments synthesized by the DNA polymerase a-pri-
mase complex could not be processed to completed cir-
cular forms when either RFC, PCNA or polymerase 8
was removed from the reaction. Using artificial sub-
strates, polymerase ot-primase could complete lagging-
strand synthesis. However, PCNA and RFC worked as
inhibitors of this complete lagging-strand reaction, pre-
sumably by competition for binding to the 3' ends of the
substrate. Thus, it follows that polymerase 8 must be in-
volved in both leading- and lagging-strand synthesis in
these reactions.
Although these experiments are compelling, a few points
are worth raising. First, data obtained from experiments
in vivo and synthesis achieved in crude extracts [11] imply
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that DNA polymerase o-primase synthesized only very
short stretches of DNA (20-40 bases), while in the high-
ly purified system the fragment sizes produced by poly-
merase ot-primase are ten times longer. This might imply
that the purified system lacks components needed for
switching from polymerase ou-primase to the polymerase
that ultimately synthesizes an Okazaki fragment of a few
hundred bases. The missing component may be poly-
merase , as some genetic and biochemical data are con-
sistent with its involvement in the completion of DNA
replication. Thus although polymerase can do the job
when'other components are fractionated away, it might
not be the activity in vivo. Because eukaryotic Okazaki
fragments are only 100-200 bases long in vivo [1], a high-
ly processive polymerase may not be needed on the lag-
ging stand. Further study is required in order to obtain
a definitive answer as to which polymerase is properly
assigned to the lagging strand.
The well-defined E. coli replication fork indicates impor-
tant aspects of the elongation complex for comparison to
possible eukaryotic arrangements. There is strong evi-
dence that leading- and lagging-strand synthesis are coor-
dinated in E. coli by means of a dimeric polymerase
[1,12]. The lagging-strand polymerase disassociates from
a P clamp at the completion of an Okazaki fragment and
is held at the fork by association with the other half of
the dimer [13]. The y complex of the polymerase loads
a new clamp and sets the polymerase again to synthe-
sizing the lagging strand. Okazaki fragments in E. coli are
thousands of nucleotides long, so a processive polymerase
is required to complete them in one binding event.
A dimeric polymerase solves the kinetic problems of
coupling leading- and lagging-strand synthesis. However,
any model for a replication fork that includes such a
polymerase must also accommodate the complications it
causes. Recently, the specific topological consequences of
a stable association between the leading- and lagging-
strand polymerases have been pointed out [14]. Because
duplex DNA is helical, either the polymerase rotates
about the template strand as new DNA is synthesized, or
the newly synthesized duplex must rotate along its long
axis as it emerges from a stationary polymerase (Fig. 2a).
Stably coupled dimeric polymerases cannot simultan-
eously rotate about their respective template strands. The
lagging-strand DNA can rotate freely about the phos-
phate backbone in single-stranded regions ahead and
behind the polymerase. But the leading strand does not
have this escape - either the newly synthesized leading
and lagging strands are twisted about each other once for
each 10 base pairs traveled by the leading strand poly-
merase, or the newly synthesized leading strand is super-
coiled one negative turn for each 10 base pairs (Fig. 2a).
The rotation of a large protein and DNA complex
required in the first case is very unlikely to occur once
every 10 base pairs throughout chromosomal replication.
Also, the topoisomerase required to relieve the negative
supercoiling in the second case is not required for E. coli
replication in vivo. Thus, a dimeric polymerase model
Fig. 2. Topology of coupled leading-
and lagging-strand replication. The
leading strand polymerase is on the bot-
tom and the lagging strand polymerase
is on top. Polymerases are represented
by yellow half circles attached to pro-
cessivity clamps represented as red
rings. The helicase or helicase-primase
complex is represented by a pink cone.
The large grey arrow indicates the direc-
tion of replication. Duplex DNA is
depicted as one helix wound around a
straight chain to emphasize the required
movements of the DNA and poly-
merases. Template strands are blue and
newly synthesized strands are green.
The disks represent potential barriers to
rotation of the DNA strands. The direc-
tion of rotation that relieves torsional
stress is indicated by arrows on the rims
of the disks. Disk 1 would be prevented
from rotating in a chromosomal context
where DNA is long and constrained in
domains. Disk 2 is free to rotate,
because it is flanked both ahead and
behind the lagging-strand polymerase
by single-stranded DNA that would
relieve any torsional stress by rotation
about the phosphate backbone. (a) Leading- and lagging-strand synthesis is coordinated by a stable dimeric polymerase. Preventing
rotation of disk 1 would force rotation of the leading strand polymerase, and the associated lagging strand polymerase and DNA, about
the axis of the leading-strand template in a direction opposite to the arrow on the disk. This would intertwine the template strands
around each other behind the polymerase. If rotation of the leading-strand polymerase is also prevented, because it is attached to the
lagging strand polymerase, negative supertwisting or unwinding of the newly synthesized duplex on the leading strand would occur.(b) Leading- and lagging-strand synthesis is coordinated by interactions between the lagging-strand polymerase and other components
tracking with the fork, such as the helicase or helicase-primase complex. The leading-strand polymerase is now free to rotate about the
template DNA without topological consequences. (This figure is based in large part on [141.)
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must include mechanisms to relieve the topological stress
it induces.
One way to relieve this stress would be to disassociate
the dimers every so often, to allow for untwisting. The
accumulated superhelical density generated after a few
hundred base pairs of coupled synthesis has been con-
sidered prohibitive and should lead to stalling of the fork
- which is inconsistent with the measured lengths of
prokaryotic Okazaki fragments in vivo and in vitro and
eukaryotic Okazaki fragments in vitro. The ring structure
of the polymerase processivity subunits, 13 and PCNA,
could provide a means to relieve the topological stress
imposed by a dimeric polymerase. Prokaryotic and eu-
karyotic polymerases are not processive in the absence of
3 or PCNA, respectively. For instance, E. coli poly-
merase III subassemblies polymerize only tens or hun-
dreds of nucleotides before disassociating from a
growing DNA chain in the absence of the 3 subunit [1].
If the polymerizing subunits have the same affinity for
DNA in the presence of 3 subunit, they would release
the DNA at similar intervals. The newly synthesized
leading strand could rotate inside the 13 ring to relieve
the accumulated negative supercoiling without any addi-
tional help from topoisomerases. The 3 ring would then
function to keep the polymerizing subunits tethered to,
but not necessarily always engaged with, the growing
DNA chain. Perhaps synthesis of leading and lagging
strands could be coupled by another arrangement that
does not result in topological complication. For in-
stance, leading- and lagging-strand synthesis might be
coupled by interactions of the lagging-strand polymerase
with other components of the replication machinery
moving in the direction of the fork, such as the helicase
and primase (Fig. 2b). There is evidence that such an
interaction between the T4 polymerase and the heli-
case-primase complex is responsible for keeping the lag-
ging-strand polymerase moving in the overall direction
of the fork [15]. This suggestion is particularly intrigu-
ing as a possible explanation of the arrangement at
eukaryotic replication forks.
There is not yet enough information to know whether
eukaryotic polymerases act as dimers at replication forks,
or a lagging-strand polymerase is tightly associated with
other components moving in the direction of the pro-
gressing fork. The similarity between eukaryotic and
prokaryotic processivity subunits and clamp-loading com-
plexes suggest that eukaryotes could recycle lagging-
strand components of a dimeric polymerase in the same
manner as has been described for E. coli. Also, the much
shorter Okazaki fragments in eukaryotes would reduce
the topological consequences of stably coupled poly-
merases, as leading-strand supertwisting would be relieved
about 10 times more frequently when the lagging-strand
polymerase recycles at the start of each new Okazaki
fragment. There is, however, no evidence for a dimeric
eukaryotic polymerase - no subunit has been shown to
dimerize, nor is the polymerase a dimeric holoenzyme
when isolated, as it is from E. coli.
Analysis of interactions between processive eukaryotic
polymerases and helicases is currently limited by the fact
that the replicative helicases that have so far been iden-
tified in eukaryotes are of viral, not cellular, origin. The
SV40 T antigen and bovine papillomavirus E1 protein
differ from their prokaryotic counterparts in that they
are also the origin-binding proteins in their respective
reactions and that they move along DNA with a polarity
opposite' to that of the prokaryotic helicases. Like the
prokaryotic helicases, these viral helicases have been
shown to interact with the primase, in this case the poly-
merase at-primase complex [16,17]. With these poten-
tial interactions in mind, it will be interesting to learn
the characteristics of the eukaryotic cellular helicases
required for replication, and the detailed dynamics of
eukaryotic replication fork components. Only then can
the universality of DNA elongation mechanisms such
as polymerase switching and polymerase dimerization
be assessed.
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